We have been interested in examining the putative biological role(s) of the major proteoglycan of adult skeletal muscle. The small proteoglycans of adult rabbit skeletal muscle and tendon were extracted and purified by sequential densitygradient ultracentrifugation, ion-exchange chromatography and gel filtration. They appeared to be homogeneous by the criterion of gel electrophoresis in SDS and to yield one major product, the core protein, after digestion with chondroitin ABC lyase, also observed after gel electrophoresis. Two major products were obtained when the intact proteoglycans were cleaved by CNBr, and those peptides were separated by SDS/PAGE and by ion-exchange chromatography. Sequencing of the N-terminal amino acids of either the intact proteoglycans or the CNBr-cleaved products allowed for comparison of the muscle and tendon proteoglycan with derived amino acid sequences previously reported for bovine bone proteoglycan. The bone and tendon proteoglycan sequences were remarkably similar, whereas those of the muscle proteoglycan differed from the other two molecules. The major site of glycosaminoglycan substitution was on a peptide fragment distant from the N-terminus, and a presumptive serine residue at position 4 from the N-terminus also appeared to be substituted, perhaps with a small glycosaminoglycan chain. These results provide some insight into the diversity of small proteoglycans of the PG-IT class and provide a basis for exploring their mode of genetic expression.
INTRODUCTION
Proteoglycans are ubiquitous components of the extracellular matrix of all mammalian tissues [1] . Early studies [2] [3] [4] of the tissue proteoglycans provided analyses of the structure and function of the large chondroitin sulphate (CS-PG) from cartilage. However, it has become increasingly clear that proteoglycans with a much smaller core-protein size compared with cartilage CS-PG occur in a number of tissues, including skin [5, 6] , bone [7] , tendon [8, 9] , cartilage [10] , aorta [1 1,12] , placenta [13] , cornea [14] , sclera [15] and periodontal ligament [16] . These proteoglycans (PG-II) have a core protein of apparent Mr 48 000 [17] . Although the functional significance of PG-II molecules has not been completely understood, these proteoglycans seem to affect collagen fibre diameter [18] and also have been implicated in binding to specific loci of collagen fibrils in many connective tissues [19] .
Characterization of the proteoglycans of skeletal muscle has been slow, even though this tissue is among the most abundant in the body. Probably the low relative abundance of proteoglycans in adult tissue has made their isolation difficult. Some investigators have chosen to use embryonic tissues as their source, or have cultured cells from such tissues [20, 21] . In both instances, metabolic radiolabelling of newly synthesized molecules has been the primary experimental approach, followed by their isolation and partial characterization. We have previously reported [22] the isolation and characterization, from adult rabbit skeletal muscle, of a small proteoglycan containing chondroitin sulphate A and C. It is the major proteoglycan of adult rabbit skeletal muscle, comprising about 44 % of the total hexuronic acid of that tissue [22] . This CS-PG-II resembles other PG-II proteoglycans in that the residue remaining after chondroitin ABC lyase digestion had an average Mr of 50000, which is near the range of Mr values (45000-48 000) reported [17] for the core proteins of the PG-TI class. Although the amino acid composition of muscle CS-PG-II was generally comparable with that of the other PG-II molecules it was notable for its relatively high content of glycine and lower contents of aspartic acid, glutamic acid and leucine, the amino acids characteristic of the other small proteoglycans [17] . These differences imply that the core protein of muscle CS-PG-II may have some unique features in its amino acid sequence. In order to explore this possibility, we have determined the N-terminal sequences and some internal sequences of amino acids of muscle CS-PG-II. We compare these sequences with those of rabbit tendon dermatan sulphate DS-PG-II and with the deduced amino acid sequences of bovine bone CS-PG-II [23] . We also provide data that imply that a serine residue, the fourth amino acid from the N-terminus of the muscle CS-PG-II, is substituted with a moiety other than a conventional glycosaminoglycan. 
MATERIALS AND METHODS

Purity of proteoglycans
The isolated PG-II fractions from both muscle and tendon were analysed by SDS/PAGE [25] on vertical mini slab gels (1.5 mm thick) consisting of a linear 3-12 %-acrylamide gradient.
Staining was accomplished with Coomassie Blue followed by Alcian Blue [7] . After chondroitin ABC lyase treatment [26] , the core protein of the proteoglycan was also analysed by SDS/PAGE.
N-Terminal amino acid sequencing of the core proteins
After chondroitin ABC lyase digestion and electrophoresis by SDS/PAGE, the core proteins were transferred on to a poly(vinylidene difluoride) (Millipore) membrane [27] and stained with Coomassie Blue. Such membranes, containing about 100 pmol of protein, were sequenced with an Applied Biosystems 475A protein sequencer by Dr. Audree Fowler at the U.C.L.A. sequencing facility.
CNBr-cleavage peptide sequences
The proteoglycans were treated with CNBr [28] in a final volume of 100 ,1 containing 5 mg of CNBr in 70 % (v/v) formic acid, with incubation at 25°C for 3-4 h in an atmosphere of N2.
The peptide reaction products were initially dialysed through a Spectrapor membrane, which retarded substances larger than Mr 12000. The non-diffusible material was separated by SDS/PAGE on 15 %-acrylamide gels, transferred on to poly(vinylidene difluoride) membranes and sequenced. Glycosaminoglycan peptides were also isolated from the CNBr digest by chromatography on a DEAE-cellulose column (1 cm x 4 cm) in pyridine/formate buffer, pH 5.0 [22] . Portions of the fractions were assayed for glycosaminoglycans by a dyebinding method [24] .
RESULTS
Isolation of proteoglycans from rabbit muscle and tendon
The isolation of CS-PG-II from rabbit skeletal muscle was carried out by minor modifications of our procedure [22] . The proteoglycan was bound to a DEAE-Sephacel column and eluted as a peak at 0.5 M-NaCl concentration. Upon gel filtration on Sepharose CL-4B the proteoglycan was eluted (Fig. 1) as a major peak. The DS-PG-II molecule from rabbit tendon was isolated by a similar procedure, except that the gel-filtration step was omitted.
Purity of proteoglycans SDS/PAGE of CS-PG-II from skeletal muscle revealed one band, stained with Coomassie Blue and Alcian Blue, which migrated (Fig. 2, lane A) to a position consistent with an average Mr of 95000 (range 93000-100000). After digestion with chondroitin ABC lyase, the proteoglycan changed mobility to a band migrating (Fig. 2, lane B) at an apparent Mr of 48000. In the case of the DS-PG-II obtained from tendon, it initially migrated (Fig. 3, lane A) at an Mr of 105 000, and then became a more rapidly migrating band (Fig. 3, muscle gave a broad diffuse band (Fig. 5, lane A) with an apparent M, of 29000 (range 27000-31000). A sharp band of Mr 14000 was also seen. The tendon proteoglycan peptides showed a similar electrophoretic pattern (results not shown). When the muscle proteoglycan CNBr-cleavage products were fractionated by DEAE-cellulose, the peptides containing glycosaminoglycans remained bound to the column under the conditions employed. Elution with 2.5 M-pyridine/formate buffer, pH 5.0, yielded a major peptide which appeared as a broad band of Mr 29000 (Fig. 5, lane B) . This peptide resembles that seen in the unfractionated mixture at the same location (Fig.  5, lane A) . No (rabbit) Tendon The N-terminal sequence of tendon proteoglycan was determined directly [30] , whereas that of bone proteoglycan was deduced from the corresponding cDNA sequence [23] . The presence of alternative amino acids at a specific locus in the sequences indicates uncertainty of identification. Cysteine residues from direct sequencing are deduced from their degradation products.
Vol. 274 221 acteristic chromophore in the dye-binding assay; this observation, coupled with the lack of another major broad band in Fig. 5 , suggests that only one peptide containing glycosaminoglycan was produced by the CNBr reaction. The amino acid sequence of these peptides is shown in Fig. 4 , which also shows that the muscle peptide is very similar to the equivalent peptide from the tendon proteoglycan. The sequences differed at residues 8, 18 and 22, with the muscle proteoglycan showing cysteine, lysine and isoleucine respectively, whereas the corresponding tendon amino acid residues were arginine, proline and leucine. These sequences (Fig. 4) do not show any indeterminate sites, suggesting that the substituted glycosaminoglycan is at a serine residue further along the peptide chain.
The 14000-Mr peptide from both proteoglycans was also partially sequenced, as shown in Fig. 4 . The narrow bands in the electrophoretic gel (Fig. 5) imply that these peptides lack glycosaminoglycan chains. This suggestion is consistent with the finding that they are eluted at much lower concentrations of pyridine/formate buffer than the 29000-Mr peptides. Comparison of the sequences of these peptides with the deduced amino acid sequence of bovine bone CS-PG-I1 [23] suggests that the 14000-Mr peptides are contiguous with the methionine residue at position 21. Fig. 4 also shows that the corresponding sequences of rabbit tendon DS-PG-I1 and bovine bone CS-PG-II are virtually identical (91-100% similarity), whereas the rabbit muscle sequences show less similarity (50-70%).
DISCUSSION
The [32] . In the present study we have shown that such sequences are virtually identical for muscle, tendon and bone proteoglycans (Fig. 4) . Furthermore, the internal amino acid sequences indicate that tendon and bone have the greatest similarity (Fig. 4) . Although internal sequences have previously been deduced by recombinant-DNA methods, our data provide direct sequence information.
One consensus sequence for potential initiation of a glycosaminoglycan chain on a core protein is Ser-Gly-Xaa-Gly [33] . Although this consensus sequence occurs at the N-terminus of the muscle CS-PG-II, assuming that the indeterminate residue is serine, our data for CNBr-cleavage peptides did not detect a glycosaminoglycan substituent on the cleaved peptide. Presumably another type of substituent is present at residue 4, although we cannot exclude a short glycosaminoglycan moiety. It has been postulated that such short chains, containing five to 15 disaccharide units, may be present in the DS-PG-II synthesized in chick-embryo skeletal muscle [34] . It is likely that these peptides were lost during the dialysis procedure after cleavage by CNBr.
Cell-free translation studies by Termine and co-workers [35] have shown that the recombinant protein expressed by cDNA clones encoding CS-PG-II from bone cross-reacted with polyclonal and monoclonal antisera to PG-II molecules from skin, cartilage, tendon, smooth muscle and cornea. Sandell et al. [36] have shown that smooth-muscle PG-Il precursor core protein is immunologically related to both cartilage and fibroblast core proteins. Although the structural similarities of these various core proteins indicate their close relatedness, it is not known whether, in fact, they are encoded by a single gene. Determination of this point will require more detailed recombinant-DNA studies.
The PG-Il molecules can also be distinguished by the observation that those of skeletal muscle [22] and bone [7] contain chondroitin sulphate chains, whereas those of skin [5] , tendon [8] and cornea [14] are substituted with dermatan sulphate chains.
However, cartilage PG-II molecules contain either chondroitin sulphate [32] or dermatan sulphate [37] chains. Thus, although the same consensus sequences for glycosylation are present in the core proteins of both groups, other information must be provided to determine what the final glycosaminoglycan will be.
Binding of these small proteoglycans to other components of the extracellular matrix is a prominent phenomenon. Thus they have been shown to bind to collagen [18] and to fibronectin fibrils [38] . The tendon DS-PG-II inhibits collagen fibril formation in vitro [9] , suggesting a regulatory role in matrix assembly. Which domains of the proteoglycans are important for binding is not known. Conceivably, both the carbohydrate and protein regions are potential participants. Both enzymic and chemical methods, as well as site-directed mutagenesis, could be used to find which portions of the molecule are essential for interactions with other components of the extracellular matrix.
